Introduction
Particle generation processes using supercritical fluids (SCF) lead to fine and monodisperse powders in mild operating conditions [1] . The SCF can be used either as a solvent as in the rapid expansion of a supercritical solution (RESS) process or as an anti-solvent as in the supercritical anti-solvent (SAS) process.
The interest in using this technology lies in the superior properties inherent to this class of fluid, including the ability to vary solvent density in large extents purposes, small amounts of a highly polar co-solvent can be added to CO 2 in order to increase its solvating power. Progress has been made towards the understanding of the interactions involved in dilute supercritical mixtures. It has been shown that near the critical point of a SCF solution, the solvent molecules form "clusters" around the large solute molecules to form a local density that is higher than the bulk density [2, 3] . When a co-solvent is added, the situation is further complicated by the differences in local and bulk compositions [4, 5] .
To develop supercritical processing of a given product, its solubility in the selected medium is a key parameter. Unfortunately, this quantity is frequently unknown and requires experimental determination. An apparatus, based on an open circuit method [6] , has therefore been developed to carry out accurate measurements of low solute solubilities in pure and mixed supercritical solvents.
In this work, this apparatus has been used to study the solubility of eflucimibe in supercritical fluids. Eflucimibe (S-enantiomer of 2 ′ ,3 ′ ,5 ′ -trimethyl-4 ′ -hydroxy-␣-dodecylthio-phenylacetanilide) is a drug inhibiting acyl-coenzyme A:cholesterol acyltransferase (ACAT), an enzyme which inhibition may lead to lower serum cholesterol concentration [7] . Hypocholesterolemic properties of eflucimibe have been demonstrated on rabbits and this molecule is therefore a good candi- date for becoming an effective drug for hypercholesterolemia therapy [8] . Its chemical structure is shown in Fig. 1 . The empirical formula is C 29 H 43 NO 2 S, with a molecular weight of 469.73 g mol −1 . As a preliminary work, the influence of temperature and pressure on the solid solubility has been measured in pure CO 2 . Then, the solubility has been studied in CO 2 /co-solvent mixtures. The choice of a co-solvent depends not only on its ability to enhance solubility but also on its availability in high purity, its physical and chemical characteristics. For pharmaceutical purposes, the co-solvent must be also non-toxic. A first screening of potential candidates led us to select ethanol and dimethylsulphoxide (DMSO).
Experimental
Equilibrium solubility data have been obtained by using a continuous flow apparatus, described previously [6] . Its flow sheet is shown in Fig. 2 . The two liquid solvents (at room temperature and pumping pressure), carbon dioxide and one co-solvent (ethanol or DMSO), are compressed by two high-pressure syringe pumps (P1 and P2) working at constant flow rates depending on the desired composition. A mixer (M) ensures that the two liquids are efficiently mixed. The homogeneous high-pressure liquid then passes through a heater (H) used to rapidly heat the solvent to temperatures above its critical temperature. The supercritical fluid then enters an oven (O) in which the solubility cell (EC) is located and is thermo-regulated to within 0.05 K. The heat exchanger, HE, placed in the oven, enables the solvent to reach the desired extraction temperature. Downstream of HE, a six-way two-position high-pressure valve is used to either direct the fluid to the cell or to bypass it. EC contains three cylindrical compartments placed one above the other, inside which the solid powder is packed. They are fitted at their bottom with stainless steel sintered disks to retain the solid and give good dispersion of the supercritical solvent. The temperature inside the cell is measured directly using a four-wire 100 platinum probe while the pressure is measured in the downstream line of the cell. The pressure of the supercritical phase is regulated downstream by means of a back pressure regulator (BPR), which maintains the upstream pressure constant to within 0.7% during the experiment, whilst the outlet of the BPR, is at atmospheric pressure. A recovery liquid solvent stream is circulated just at the outlet stream of the BPR to prevent solid deposits forming (clogging) and then to transfer all the solute, in a liquid state to a trap for reliable analysis. Finally, a separator (S) is used to vent off the gas and collect the solvent phase. The total volume of gaseous CO 2 (extraction solvent) is measured by means of a gas volumeter (GV) and the concentration of solid in the recovery liquid phase is obtained by analysis. The solubility (y 2 ) of the solid in supercritical fluid can then be calculated from these two quantities and the total volume of the recovery liquid.
Measurements have been performed at various flow rates, to confirm that the phase flowing from the cell is saturated. The equilibrium conditions are guaranteed when the flow rate has no significant effect on the measured solubility values.
Eflucimibe was provided by Institut de Recherche Pierre Fabre (IRPF) as a white crystalline powder which purity, measured by high-performance liquid chromatography, is superior to 99% [7] . For this molecule, a CO 2 flow time of 45 min at 1 cm 3 min −1 was sufficient to obtain solubility data reproducible to within 5%. Ethanol was used as the recovery solvent. HPLC analyses conditions were the same with or without co-solvent (solid dissolved in pure ethanol or with a volume fraction of DMSO lower than 5%). To verify that no solid residue remained in the recovery solvent line, the ethanol used for cleaning this line was carefully analysed after each experiment.
In addition, we have checked that solvents are really in supercritical state before entering the equilibrium cell. However, little (P, T, y) data is available for the CO 2 -DMSO binary mixture. Only the data proposed by Kordikowski et al. [9] is sufficiently complete. The authors have fitted to their data the Peng-Robinson equation of state (PR EoS) [10] with two quadratic mixing rules that include two temperature independent binary interaction parameters, k ij and l ij . As these authors provide also data for CO 2 -ethanol binary mixture, we have chosen to use their results to have parameters from the same origin for the two co-solvents. These coefficients are: k ij = 0.089 and l ij = 0 for the CO 2 -ethanol mixture; k ij = 0.015 and l ij = −0.025 for the CO 2 -DMSO mixture. 2 The eflucimibe solubility (y 2 ) was measured at 308.15 and 318.15 K (Table 1) . It is noticeable that the values recorded are remarkably low, giving confirmation of the accuracy of the apparatus. The effect of pressure on the solute solubility follows the expected trends, the solubility increasing with pressure for the two temperatures studied. The density of CO 2 increases with pressure, the mean intermolecular distance between CO 2 molecules decreases, thereby increasing interaction between the solute and solvent molecules.
Results and discussion

Solubility in pure CO
The existence of the crossover pressure is well known and illustrated in a number of experimental studies [11] . The pressure value where the solubility isotherms at various temperatures intersect each other, is the result of the competing effects of solute vapour pressure and solvent density. Indeed, with increasing temperature, the density decrease induces a solubility decrease, while the correlative vapour pressure in- crease leads to a solubility enhancement. At pressures below the crossover pressure, the density effect is dominant, thus the solubility decreases when temperature increases (retrograde vaporisation). Above the crossover pressure, the solute vapour pressure effect becomes predominant and the solubility increases with temperature. From Fig. 3 , the crossover pressure can be estimated at about 10 MPa. Thus, over the pressure range investigated here, we can consider that solubility is an increasing function of temperature.
Ethanol and DMSO co-solvent effects
Two series of measurements have been performed. The first concerns the influence of P on y 2 , at constant T and constant co-solvent mole fraction y 3 . The solubility has been measured at 318.15 K for different pressures with y 3 = 0.05 for ethanol and y 3 = 0.02 for DMSO ( Table 2) .
The second series of measurements involved the variation of y 2 , as a function of y 3 at constant P and T. The solubility at 318.15 K and 20 MPa has been measured for different mole fractions of the two co-solvents (Table 3) .
To better illustrate the solubility enhancement, a co-solvent effect A c is defined as the ratio of the solubility obtained with co-solvent, y 2 (P, T, y 3 ), to that obtained without co-solvent at the same temperature and pressure, y 2 (P, T, y 3 = 0): At 318.15 K, A c has been plotted versus P (Fig. 4) and versus y 3 (Fig. 5) . From these figures, it is clear that the solubility is increased by both co-solvents, with however a higher increase with DMSO. For instance, at 20 MPa and 318.15 K, the solubility is ten times higher with either 6% of ethanol or 2% of DMSO, and is multiplied by a factor 50 for about 11% of ethanol or 3% of DMSO in the solvent. This solubility enhancement can be attributed to three possible effects: increased density of the fluid mixture, modifications in phase equilibria and specific interactions between the solute and co-solvent. The density contribution to the co-solvent effect is estimated by calculating a co-solvent density effect, A cρ , defined as follows:
A cρ (P, T, y 3 ) is the co-solvent density effect at P, T and y 3 . It compares the solubility of the solid in pure CO 2 at T and P, y 2 (P, T, ρ CO 2 , y 3 = 0), to that also in pure CO 2 at the same temperature and pressure but at the density of the mixtures ρ f with a co-solvent mole fraction y 3 , y 2 (P, T, ρ f , y 3 = 0). The co-solvent density effect is represented in Fig. 4 . It is clear that co-solvent effects cannot be attributed to a density effect alone, neither for ethanol nor for DMSO. The presence of a co-solvent in a SCF can enhance the melting point depression of a solid solute in a SCF. This effect is usually accompanied by a reduction of the upper critical end point (UCEP) pressure of the system [12] . This effect is important due to the drastic enhancement of the solute solubility in the vicinity of the UCEP [13] . Unfortunately, the contribution of this effect to the observed co-solvent effect is difficult to estimate because the relevant three phase solid-liquid-gas coexistence curves are not available. However, a qualitative indication of the importance of this effect can be obtained from the examination of the solubility isotherms [14] . When conditions are close to the UCEP, the slope of the solubility isotherms, ∂y 2 /∂P, becomes relatively large. An inspection of our solubility isotherms in Fig. 6 reveals that as pressure increases, no dramatic variation of ∂y 2 /∂P occurs. It may be concluded that co-solvent effects are the result of factors more significant than the proximity of the operating conditions to the UCEP.
The influence of solubility parameters on co-solvent effect
The minor contribution of density to the co-solvent effect suggests that chemical forces, rather than physical forces, are responsible for the obtained solubility enhancement. These chemical forces are represented by specific interactions between the solute and the co-solvent. Several authors have observed a linear dependence of A c with the co-solvent concentration [15, 16] . However, in our experiments, A c is not a linear function of y 3 , the co-solvent effect increasing more rapidly for higher mole fractions (Fig. 5) . This different behaviour may be indicative of higher order interactions between the solute and the co-solvent. The type of interaction can be discussed qualitatively on the basis of pure component properties as, for instance, solubility parameters [17] . Several solubility parameters are listed in Table 4 for the two co-solvents and for compounds having the same functional groups as eflucimibe [18] . The total solubility parameter, δ T , is the standard Hildebrand one. It is calculated by taking the ratio of the heat of vaporisation over the liquid volume. The parameters listed in Table 4 describe dispersion (δ D ), orientation or permanent dipoles forces (δ O ), induction forces (δ I ), acidity (δ A ), and basicity (δ B ). Dispersive forces (δ D ) are common to the interactions of all molecules whether or not they possess a permanent dipole moment, and are the only interacting forces for non-polar solutes. Polar molecules are capable of both orientation interactions (δ O ) and dipole induction (δ I ). Acidity (δ A ) and basicity (δ B ) are a measure of the ability of a species to act as a proton donor or acceptor, respectively, for hydrogen bonding.
Ethanol is polar and shows a high capacity to form hydrogen bonds, being both a proton donor and acceptor (amphiprotic). DMSO is very polar, aprotic but shows a basicity close to that of ethanol.
To identify the potential interactions with the various groups of eflucimibe, co-solvent effects from literature have been examined for compounds characteristic of these groups. However, little data being available for DMSO, we have focused on the co-solvent effect of acetone, which presents some similar properties: it is polar, aprotic and basic. Finally, we have chosen results from Ekart et al. [15] , who have studied effects of several co-solvents in ethane, in the following experimental conditions: 20 MPa and 323 K with y 3 = 0.028 for ethanol and 0.038 for acetone (Table 5) . A first comparison is made between fluorene, carbazole (substitution on fluorene of a CH 2 group by a NH amine group) and fluorenone (substitution on fluorene of a CH 2 group by a C=O ketone group). In the case of fluorene, which presents a weak dipolar moment, ethanol provokes a co-solvent effect of 1.13 and acetone, an effect of 1.44. In the case of fluorenone, a proton acceptor, the co-solvent effect is increased to up to 1.22 for ethanol and remains constant at 1.44 for acetone. However, carbazole exhibits a higher co-solvent effect of 2.27 for ethanol and acetone. The authors explain this observation by the ability of N-H group to provide a proton, although propylamine only shows a low acidity. The second example compares non-polar anthracene and 2-naphthol, which corresponds to the substitution of an H atom by an OH phenol group on naphthalene, similar to anthracene. The co-solvent effect in the case of anthracene is 1.11 for ethanol and 1.22 for acetone. For 2-naphthol, the co-solvent effect is increased up to 5.66 for ethanol and 4.15 for acetone. The very acid phenol group interacts strongly with both the basic acetone and ethanol by means of hydrogen bonds. In the case of DMSO, the co-solvent effect should be higher than with acetone, due to a higher basicity. Moreover, DMSO is able to form 1:1 complexes with phenol [19] . The sulphur group is not treated in this work, but it does not seem able to noticeable interactions with the two co-solvents studied (see diethyl sulphur in Table 4 ). Moreover, this group is not able to form strong hydrogen bonds [20] . Finally, it seems that the amine and especially the phenol groups play a major role in the solubility increase of eflucimibe, by means of hydrogen bonds. However, despite its higher basicity, ethanol displays a lower co-solvent effect. Clearly, co-solvent basicity is not sufficient to explain the results, thus the dispersion parameter (δ D ), which is higher for DMSO should be also considered [17] . The lower co-solvent effect of ethanol might also be explained by the self-association between amphiprotic ethanol molecules, which are no longer available to interact with the solute molecules.
Another observation can be made about the influence of P on A c (Fig. 4) , which is opposite for ethanol and DMSO, the co-solvent effect decreasing with pressure for ethanol and increasing for DMSO. Specific interactions cause the formation of clusters with molecules of solute, solvent and co-solvent, and thus the region around the solute molecule is enriched with co-solvent. This local composition can be several times greater than that of the bulk composition.
However, the importance of this local ordering of co-solvent (and thus co-solvent effect) decreases with increasing pressure, and at pressures high enough, the concentration of the co-solvent around the solute approaches the bulk concentration [5] . While the local composition enhancement decreases, the bulk concentration of co-solvent (and thus solubility) always increases with increasing pressure, due to the increase in density. On the basis of these elements, it has been observed that, at low co-solvent concentration, the co-solvent effect depends predominantly on the bulk concentration of co-solvent around the solute, and as the co-solvent concentration is increased, the effect of local concentration enhancement becomes significant [21] . In our study, the mixture with an ethanol mole fraction of 0.05 corresponds to a high concentration. In this case, the influence of local co-solvent concentration is predominant, and the co-solvent effect decreases with pressure (Fig. 4) . As the local composition enhancement is maximised in the region of high compressibility, the decrease in the difference between bulk and local co-solvent concentrations leads to the observed decrease with pressure [21] . With DMSO, the co-solvent mole fraction is lower and the predominant effect is that of bulk concentration. As this concentration increases with the fluid density, the co-solvent effect slowly increases with pressure in the studied range.
Conclusion
The solubility behaviour of eflucimibe was studied in pure supercritical carbon dioxide at 308 and 318 K between 8 and 30 MPa. The solubility appeared to be an increasing function of both pressure and temperature but remained at very low levels.
The effect of two co-solvents, ethanol and DMSO, was then investigated. The solubility was found to be enhanced by both co-solvents, with however a higher increase with DMSO. The co-solvent effect was found to vary nonlinearly with the co-solvent concentration, showing the importance of specific interactions between the co-solvents and the solute in comparison with density effect. These interactions could qualitatively be explained by means of solubility parameters of co-solvents and of solid functional groups. Finally, hydrogen bonds seem to play the most important role in solubility enhancement. It was then observed that the level of the co-solvent mole fraction determines the variation of the co-solvent effect with pressure. At low co-solvent mole fraction, the co-solvent effect slowly increases with increasing pressure while for higher values, the co-solvent effect decreases with increasing pressure.
To extend these results, modelling is necessary to provide a tool for prediction of solid solubilities in supercritical mixtures. Recently, we have proposed a generalised density-based model [22] , in which effects of density, temperature and co-solvent composition are quantified.
